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TWO-COMPONENT TWO-PHASE FLOW PARAMETERS
FOR LOW CIRCULATION RATES

by

Georges E. Smissaert

ABSTRACT

Two-phase flow parameters for upward cocurrent
vertical flow were studied in air-water, nitrogen-Freon-
113 and nitrogen-mercury mixtures. Tests were performed
in natural-circulation loops at atmospheric pressure, The
superficial liquid velocity ranged from 0 to 1 ft/sec;quality
ranges were as follows: for air-water, 0.0125 to 0.100; for
nitrogen-Freon-113, 0.002 to 0.006; for nitrogen-mercury,
0.00005 to 0.0024. The studies of air-water and nitrogen-
Freon-113 mixtures were made in a 2.75-in.-ID test sec-
tion; the nitrogen-mercury study was made in a 2-in.-ID

pipe.

The two-phase flow parameters were found to change
significantly with superficial liquid velocity and quality in
this low-circulation range. Slip ratios were found to be di-
rectly proportional to the surface tension of the liquid, and
inversely proportional to the dynamic viscosity of the liquid.
Dimensional analysis was used to correlate slip ratios and
gas-to-liquid holdups as a function of four dimensionless
groups which included the liquid circulation rate, the gas
circulation rate, the surface tension of the liquid, the dy-
namic viscosity of the liquid, the density of the liquid, the
density of the gas, the pipe diameter, and the acceleration
due to gravity. Empirical relations were developed to eval-
uate slip ratios and void fractions as afunction of the above-
listed parameters.

Flow-pattern effects were found to be conveniently
described by means of a variable exponent of the Froude
number. This exponent was observed to be a linearly de-
creasing function of the logarithm of the ratio of the vol-
umetric flow rates.



I. INTRODUCTION

A. General Statement of the Problem

Two-phase flow phenomena have been studied for se:i.raledei:ades
and, although extensive literature is available at the przslénuigr?s ,Com_
cannot be said that the fluid flow of a mixture of gas and 14

pletely understood.

oted to practical

1 i tigations were mainly dev
The earlier investigati e Wilde(l)

problems of petroleum and chemical enginee_ring»' ; "
investigated gas slippage occurring in gas-lifts with the purpose of apply

ing the results to oil wells. Peebles and Garber(2) made an.ext?nsive .
study on the motion of gas bubbles in liquid in order to acquire information

for the study of such chemical processes as rectification, absorption, and
cting devices. The now

tripping in bubble-cap and perforated-plate conta
A ; (3‘5) were the result of

famous papers by Martinelli, Lockhart, and Nelsor.1 : j
two-phase pressure-drop studies which were carried out to assist chemi-

cal engineers in the design of boiler tubes, refrigeration systems, and

condensate-return lines.

Although a significant amount of work had been done prior to the
advent of nuclear power plants, a great deal of additional research was
needed to meet the needs of the nuclear industry, particularly for use in
the design of boiling-water reactors. Previous correlations were gen-
erally confined to specific flow regimes outside the range of need in this
new industry. In order to provide the data required, research work on
two-phase flow was intensified; the resulting program is still active today,
although nuclear power reactors have been built and are operating under
conditions often much better than the most optimistic of the early pre-
dictions. The EBWR is an outstanding example of a plant whose perform-
ance was significantly improved on the basis of new studies on two-phase
flow. Originally designed to be operated at 20 Mw, the thermal power of
EBWR has been more than tripled because of the better understanding of
two-phase flow phenomena.

Despite this progress, there still exist numerous anomalies and
gaps in two-phase flow theory. It is known from a previous study by
Marchaterre and Hoglund(é) that slip ratio correlations, which are valid
for high-circulation flow regions, do not apply to low-circulation regions.
Whether or not fluid properties have a significant influence on two-phase
flow phenomena is another problem which has not yet been solved. The
present work is an experimental study of two-phase flow phenomena in
slowly circulating gas-liquid mixtures that provides data and correlations
for three different mixtures: air-water, nitrogen-Freon-113, and nitrogen-
mercury. A comparison between the results of studies of these three mix-
tures is provided to help answer the question on the influence of fluid

properties.



B. Previous Studies

This section summarizes the nature of the previous work on
two-phase flow which is closely related to this study. A summary of
the present state of knowledge based on the findings of these authors
is presented in Section E of this chapter.

Petrick(7) reported slip velocity ratios in rectangular channels
for superficial liquid velocities ranging from 1 to 10 ft/sec as a func-
tion of the mixture quality. All experiments were carried out in an
air-water mixture at atmospheric pressure. Marchaterre and Petrick(8)
reported relative velocities for two-phase mixtures in the following
parameter range: pressure, 150 to 2000 1bf/in.z; mixture quality, 0 to
0.25; superficial liquid velocity, 0.5 to 8 ft/sec; and flow channel equiv-
alent diameters, 0.4 to 2 in. Working curves for the prediction of the
velocity ratio in system analyses were given for absolute pressures of
150, 250, 400 and 600 lbf/in.z. Marchaterre and Hoglund(éf)) recently
published a paper in which all the available results on velocity ratios in
steam-water and air-water systems were worked into one correlation
which had been proposed by Kutateladze.(9) The authors plotted the
velocity ratio against the ratio of the volumetric flow rates, using the
Froude number, which is based on the superficial liquid velocity, as a
parameter.

Zmola et al.(10) studied the transport of gases through air-water,
air-methanol, and air-glycerine mixtures with pipe diameters of 2,6,12
and 24 in, Experimental results were given for circulating and noncir-
culating systems. Marchaterre et al.(11) reported steam-volume-
fraction data from tests performed in natural- and forced-circulation
loops, utilizing two different rectangular channels, each 60 in. long, and
0.25 in. by 2 in. in one case and 0.5 in. by 2 in. in the other cross section.
The velocity range was from 1 to 6 ft/sec, and the quality range was from
0 to 0.06. Marchaterre(12) also studied the effects of pressure on the
boiling density in rectangular channels. Petrick(13) recently reported
data on slip ratios in vertical down-flow for pressure ranges up to
1500 1bg/in.2.

Moore and Wilde(l) carried out a series of experiments to study
gas slippage in vertical tubes using water, kerosene, and three different
oils. They concluded that the surface tension of the liquid has a definite
influence on the slip ratio.

A theoretical model to predict slippage of vapor in a steam-water
mixture was proposed by Levy.(14) It is known as the "momentum model"
and is based on the assumption that momentum is exchanged between the
gaseous and the liquid phases whenever the quality, the void fraction, or
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the ratio of the gas density to the liquid density is changed, prov1d€(‘j<i Ltl(l)e
changes do not occur too rapidly. This exchange of momentum te? ol
maintain the equality of the combined frictional anq head 1osses‘ o o
two phases. Good agreement of the model with available experlrfne}fl1
results has been found in many, but not in all, cases. In somi o1 & ee
tests, the changes may have occurred fast enough to cause unba a.nc w1}
between the combined friction and head loss of the two phases; this sit
uation could explain some of the differences between experimental ob-

servations and the predictions of this model.

arch partly or en-

i igators confined their rese
A number of investigato R

tirely to the study of the bubble-flow pattern. Petrick

bubble-size distribution and the phase distribution in an air-water loop

at atmospheric pressure. Siemes(15) made an extensive study of the

formation of gas bubbles on single holes and perforated plates. The
aperture radius and the volumetric flow rate of the gas were observed
to have an influence on the bubble diameters. A second part of his work
was devoted to the study of the rise of gas bubbles in liquids with partic-
ular attention to the influence of bubble size and fluid properties.

Peebles and Garber(z) studied the flow characteristics of gas
bubbles in liquids. Particular attention was paid to the drag coefficient
and the steady-state or terminal velocity of the rising bubbles. Zuber
and Hench(16) continued the work of the above-mentioned authors by
studying the bubble-flow pattern under noncirculating, cocurrent, and
countercurrent conditions., Void fractions are reported as a function of
the volumetric flow rates of the two phases.

Isbin et il_-(17) reported void fractions for annular flow in steam-
water mixtures. He investigated vertical flow in a 0.872-in. pipe at
atmospheric pressure for qualities from 0 to 0.04 and inlet velocities
from 1 to 3 ft/sec. Neal(18) recently reported void fractions in cocurrent
nitrogen-mercury flow in a 1-in. pipe. He observed an unstable slug-flow
pattern which was due to the nonwetting property of the mercury. Addi-
tional data for steam-water mixtures have been obtained by other
investigators.(19-27)

C. Definition of Terms to be Used

1. Flow Patterns in Two-phase Flow

Single-phase fluid flow has been recognized to occur either
under a laminar or a turbulent type of flow. In most applications, the
magnitude of the Reynolds number is sufficient to identify the type of
flow. These concepts of laminar and turbulent flow do not disappear in



two-phase flow, but the picture becomes more complicated by the appear-
ance of flow patterns, which are less readily described by one or more
mechanical parameters. Based on visual observation, a number of descrip-
tive terms have been established to identify the various flow regimes.
These are described below in the order of increasing gas flow rate. Each
flow pattern in illustrated in Figure 1.
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Bubble Slug or Plug Churn Semi-annular Annular Mist
Fig. 1. Vertical Flow Patterns

a. Bubble Flow. The gas phase flows discontinuously in the
form of bubbles in a continuous liquid phase. Bubble sizes vary over a
narrow range (diameters go from zero to a few centirnetersz and their
distribution can be described by Poisson's distribution law. 13) The
shapes of the bubbles range from spheroids to spherical caps. The bubbles
are liable to coalesce and to collapse at random, and have the tendency to
crowd toward the center of the channel.

b. Slug or Plug Flow. An increase in the gas flow rate will
result in the coalescence of several bubbles, forming large gaseous slugs
or plugs. The designation "slug flow" is sometimes reserved for the case
in which the liquid phase is flowing continuously. "Plug flow," on the other
hand, is used when the gas and the liquid have the tendency to flow
alternately.

11
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. . d's_
c. Churn, Froth, or Turbulent Flow. The gas is highly h;ses
persed in the liquid phase, and a strong interaction between the two P

takes place.

This flow pattern is essentially a

d. Semi-annular Flow. T4 S Chemoteis i

transition between those described under c. and f. ot i
the tentative formation of annular flow, which repeatedly collap

churn flow.

e.
the conduit in the form of an annulus. St
by the gas, which entrains small droplets of liquid.

Annular Flow. The liquid phase flows along the wall of
The core of the annulus is occupied

i Mist Flow. At even higher gas flow rates, the liquid does

not cover the wall of the channel any longer, but is completely entrained
by the gas in the form of small droplets.

The gas and the liquid have a different velocity in any of the
above-described flow patterns, a phenomenon known as slippage. There
is, however, an ideal flow pattern in which no slippage occurs, i.e., the
ratio of the gas velocity to the liquid velocity is unity. This type of flow

is referred to as "homogeneous flow." In this case, one considers the

mixture to be ideal in that there is no longer a segregation between the

two phases.

It should be noted that the above definitions of the flow patterns
are qualitative and, therefore, subjective in nature. The same flow patterns
are often differently interpreted by various observers. Attempts have been
made to avoid this difficulty by more precise definition. Martinelli et a_1.<3)
made a distinction between the various possible flow mechanisms by con-
sidering the laminar and turbulent flow possible for both the gaseous and
the liquid phases. In this way it was possible to have laminar flow for the
gas and turbulent flow for the liquid, or vice versa. It was also possible
that the flow of both gas and liquid was either laminar or turbulent. Four
flow mechanisms could be identified in that way; the superficial Reynolds
number of the phases was taken as the characterizing parameter. This
classification of flow mechanisms was successfully used in the analysis
of two-phase pressure-drop phenomena; its applicability to other aspects
of two-phase flow is not known, however.

Galegar et a_l.(28) attempted to correlate visually observed flow
patterns as a function of the mass velocities of both phases. Correlations
of this type, however, show significant discrepancies. More work is needed
in this area since present correlations are still largely dependent upon the
interpretation of the observers.
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2. Parameters in Two-phase Flow

The two-phase flow parameters that will be used in this study
are a) the mixture quality, b) the void fraction, c) the slip ratio, d) the
relative velocity, e) the superficial liquid velocity, f) the superficial velocity
of the mixture, and g) the superficial gas velocity.

a. The Mixture Quality. The mixture quality is defined as the
ratio of the mass flow rate of the gas to the total mass flow rate of the
mixture:

Quality = X = Wg/wt : (1.1)
where
We=Wg+ Wy . (1.2)

b. The Void Fraction. The void fraction at a particular
cross section is defined as the ratio of the volume occupied by the gas to
the total volume of a channel section of unit height which brackets the
cross section of interest. The void fraction is also given by the ratio
of the cross section through which the gas is flowing to the total cross
section of the channel:

Void fraction = a = vg/vy = Ag/AL . (1.3)

c. The Slip Ratio. The slip ratio at a particular cross sec-
tion is defined as the ratio of the actual gas velocity to the actual liquid
velocity at the cross section:

Slip ratio = vg/w 3 (1.4)
d. The Relative Velocity. The relative velocity at a particu-

lar cross section of the channel is defined as the difference between the
actual gas velocity and the actual liquid velocity at the cross section:

Relative velocity = Vg - Vyp . (1.5)

e. The Superficial Liquid Velocity. The superficial liquid
velocity is understood as the liquid velocity calculated on the basis of
the liquid mass flow rate, the liquid density, and the total cross section
of the conduit:

Superficial liquid velocity = V, = W;@/Ap oy ) (1.6)

f. The Superficial Velocity of the Mixture. The superficial
velocity of the mixture is defined as the mixture velocity calculated on
the basis of the total mass flow rate, the liquid density, and the total cross
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section of the channel. This rather strange combination of t.erms fu;?sﬂ its
origin in the fact that W, is generally a much smaller quantity thAanated-by
The superficial velocity of the mixture is, in mO_St cases, apprizlgnr 1
the superficial liquid velocity. This approximation does not 40 °
circulation rates.

= 157
Superficial velocity of the mixture = Vom = Wt/ApPﬂ 7)

The Superficial Gas Velocity. The superficial gas velocity

o ned as the gas velocity calculated on the

at a particular cross section is defi " .
basis of the mass flow rate of the gas, the total channel cross section, an

the density of the gas at the cross section:

Superficial gas velocity = Vog = Wg//ogAp (1.8)
D. Derivation of Fundamental Equations
The gas and liquid velocities are, by definition, given by the
relations
= 1550
Vg = Wg/Ag g (1.9)
and
Vg =Wy/Agoy (1.10)
where
Ag = alAp (1.11)
and
Ag=(1-a)a, . (1.12)
The slip ratio is, therefore, equal to
Vg Wg 1-a p
E-_glrafy ait
Vi Wy o Pg
The ratio of the mass flow rates can also be expressed as
Mo My Wl A
W W =Wy 1 —(We/wi) I X
and the slip ratio is then determined by
E LR e 2 e
W ISR T Pg ’ :
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Subtraction of Equation (1.10) from Equation (1.9), and substitution of
Equations (1.11) and (1.12) give for the relative velocity:

w Wy

ey
-V - . : 1.16
g Y/ ahAyp,  (1-a)Ajpy ( )
or
o e et e el e 1.17
gtV ik t[wt ahAppg | Wy (1-a)Aypg (1

Substitution of Equation (1.14) and simplification give

v s | B6)- 623

Substitition of Equation (1.7) yields

vemvae v (25 (52)]

E. State of Knowledge on Two-phase Flow Parameters

This section summarizes the state of knowledge based upon the
studies outlined in Section B, and the definitions and relationships, iden-
tified in Sections C and D. It is known that two-phase flow parameters
such as slip, relative velocity, and gas velocity, are dependent upon the
flow conditions and the fluid properties. The flow conditions which in-
fluence slippage include the quality, the circulation rate, the pressure,
and the geometry of the channel. The fluid properties which are believed
to have an influence are the gas density, the liquid density, the surface
tension of the liquid, and the dynamic viscosity of the liquid. The known
effects of these influences are discussed below.

1. Influence of Flow: Conditions

As a general rule, the slip ratio and the relative velocity in-
crease with increasing quality. However, the rate of change of the slip
as a function of quality is larger for low qualities than for high qualities.
The influence of quality on the slip ratio decreases significantly with in-
creasing pressure and also decreases with increasing circulation rate, but
to a lesser extent.
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Slip ratios decrease and relative velocities '1ncrease.twil;f;r;:E
creasing superficial liquid velocity. The magnitgde of tbe veloci yre
appears to decrease with decreasing quality and m.creasmg pressues .With
The rate of change of the slip as a function of quality also decreas
increasing circulation rate.

Pressure has a dual influence on two-phase flow phenomena.

which is a direct effect of the increase in

i i as density, :
The increase in gas y il

pressure, will reduce the buoyant force which the liquid i e :
gaseous phase. As a result, the slip ratio will decrease with increasing

pressure, A second effect is the decrease of the volume of gas which is

present in the two-phase mixture. This effect results in a change of flow

pattern, which has a substantial influence when a churn or semi-annular

flow pattern is effective.

Geometry includes such items as the form of the channel .
cross section (rectangular, circular, etc.) and the magnitude of the equiv-
alent diameter. In general, the geometry effect is only significant for
equivalent diameters smaller than 2 in. The effect of geometry is more
significant the smaller the equivalent diameter. Flow patterns are believed
to be responsible for this phenomenon.

2. Influence of the Fluid Properties

Although previous studies have been successful in establishing
an acceptable theory on the effects of flow conditions, the same cannot be
said about the understanding of the influence of fluid properties. Although
these effects have been studied in the past, there still exist numerous con-
troversies about their relative importance. Fluid properties (density not
included) are considered to have little or no influence on slippage. It should
be noted, however, that the experimental study of the influence of fluid prop-
erties is inherently difficult. There is virtually no way to change one prop-
erty of a fluid and keep the others constant at the same time. Moreover,
in order to investigate a sufficiently wide range, one is compelled to em-
ploy different fluids. As a result, the influence of one property is generally
masked by that of the other properties.

It is an easily accepted and experimentally verified fact that
the slip ratios increase with increasing liquid density. From a previous
study by Moore and Wilde(l) it seems that slippage is to some extent
dependent upon the surface tension of the liquid. The influence of viscosity
has repeatedly been reported as negligible.?lxéxlo)

F. Specific Statement of the Problem

The correlation for slip ratios which was proposed by Kutateladze(9)
has been worked out by Marchaterre and Hoglund 6) for air-water and
steam-water mixtures. The authors plotted the slip ratios as a function of



the ratio of the volumetric flow rates. The Froude number, based on the
superficial liquid velocity, was used as the parameter for the family of
curves. This correlation by Marchaterre and Hoglund was found to be
valid when the superficial liquid velocities were higher than 0.8 ft/sec.
Slip ratios for lower superficial velocities were found to deviate signifi-
cantly from the values predicted by the correlation. Since no reason could
be given for this phenomenon, it was concluded that the low circulation
range deserved special attention.

This work is a detailed experimental study and evaluation of two-
phase flow parameters for superficial liquid velocities ranging from 0 to
1! ft/sec. All experiments were carried out at atmospheric pressure, and
the channel diameters were chosen large enough to avoid geometry effects.
The quality was extended over as wide a range as permitted by the ex-
perimental setup. In order to study the influence of the fluid properties,

three different mixtures were used in the experiments: air-water, nitrogen-

Freon-113, and nitrogen-mercury.

The parameter ranges in which the tests, all at a pressure of
one atmosphere, were carried out are listed in Table I. The fluid proper-
ties of the three liquids are given in Table II.

Table I

PARAMETER RANGES

‘ Channel Supe.rf1.c1a.1
; Quality . Liquid
Mixture Diameter .
Range - Velocity
;i (ft/sec)
Air-Water 0-0.10 2,15 (0=l
Nitrogen- 0-0.02 2.75 0=
Freon-113
Nitrogen- 0-0.0024 2.00 0-1
Mercury
Table II

FLUID PROPERTIES AT ROOM TEMPERATURE

e e Viscosity Surface
Liquid e (lbm/ft~sec Tension
x 1073) (dynes/cm)
Water 1.0 0.7 e
Freon-113 1255 0.415 19
Mercury 1'3.6 1.0 487

17
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II. EXPERIMENTAL APPARATUS

: : i s. The
All experiments were performed in natural-c.1rcu1at1on lolool:; B
air-water and nitrogen-Freon mixtures were tested in the same P,

is schematically depicted in Figure 2; details of the test s_ectlon f;zf:zjn
in Figure 3. The loop was modified for the study of t}le r.ntrog.enF. 4y
mixture. A schematic drawing of this modified loop ietgven igure 4,
and details of the nitrogen-mercury test section are given in Figure 5.

The loops consisted of two vertical legs known as the riser and
downcomer, respectively, which were connected at the top to a vented sep-
arator tank; a horizontal pipe made the connection at the bottom. The gas
and the liquid were mixed in a special mixer sleeve at the bottom of the
riser, which is shown on the right of Figures 2 and 4. The lower part of
the riser was used as a stabilizing zone to neutralize all entrance effects.
The upper part of the riser was used as the actual test‘. se.ct1on, and was
equipped with the measuring apparatus for the determination of the void
fraction and the absolute pressure at the test points. The gas was separated
from the liquid in a Lucite separator tank at the top of the loop and was
evacuated through a vent. The liquid was recirculated through the down-
comer, which is shown on the left of Figures 2 and 4.

The liquid was introduced into the loop through a supply line at the
bottom of the downcomer. The liquid circulation rate was measured by
means of an orifice flow meter installed in the horizontal section which
connects downcomer and riser. A bimetal dial thermometer was used to
measure the temperature of the liquid. The liquid circulation rate was
controlled by means of a bypass control line in the downcomer. The gas
flow rate was measured by means of an orifice flow meter, and was con-
trolled by means of a pressure regulator upstream of the orifice and a
bypass control line downstream of the orifice. This bypass line gave ac-
cess to the gas-liquid mixer at the bottom of the riser. Detailed descrip-
tion of specific features of each loop is given below.

A. The Air-Water and Nitrogen-Freon Loop

The air-water experiments were made with regular tap water, which
was changed when the loop had to be emptied for changing the orifice plate
in the liquid flow meter. The Freon-113 which was used in the nitrogen-
Freon experiments was saved whenever it had to be drained from the loop.
Make~-up Freon was added at regular intervals in order to compensate for
the high evaporation rate.

The air for the air-water experiments was supplied by the laboratory
100-psi compressed-air line, The nitrogen for the nitrogen-Freon experi-
ments was supplied by a battery of four gas cylinders. A pressure regulator
was used to keep a constant gauge pressure of 25 1bf/in.z upstream of the
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orifice of the gas flow meter. The gas flow rate was controlled by means
of two valves in a bypass control line. The gas temperature at the orifice
was measured by means of two bimetal dial thermometers up and down-
stream of the orifice, respectively,

The gas-liquid mixer was constructed from a pipe tee. The gas
entered at the bottom and the liquid entered at the side. The gas was
passed through a 150-mesh screen which was intended to provide a uniform
gas distribution and bubble size at the entrance of the test section. The
screen was rolled in the form of a cone and was covered with a heavier
conical screen which served as a support for the light screen.

The riser was a 2.75-in.-ID Lucite pipe, 124.5 in. long, made from
two equal sections which were glued together in order to provide a perfect
joint.

The motion of the liquid in the separator tank caused pressure pulses
which might have affected the instrument readings if they had entered the
test section. To avoid this difficulty, the pipe was extended 9.5 in. into the
separator tank. The liquid level in the separator tank was kept one inch
above the top of the pipe. The lower 5 ft of the riser was used as a stabili-
zing zone in order to obtain flow patterns which were notaffected by entrance
effects. The upper 5 ft was then considered as the actual test section in
which four pressure taps were mounted (see Figure 3). A fifth tap was ar-
ranged at the wall of the separator tank at the same level as the edge of
the pipe. Differential manometers were used to measure pressure differ-
ences between the taps Nos. 0 and 1, 1 and 3, and 2 and 4. The center-
line of the gamma traversing equipment, i.e., the centerline of the source
pellet and the scintillation detector, was 2.5 in. lower than the centerline
of tap No. 2. Thermocouples were installed at the top and the bottom of the
riser to determine the average temperature of the two-phase mixture in the
test section.

B. The Nitrogen-Mercury Loop

The design of the nitrogen-mercury loop was influenced largely by
the steps that had to be taken to assure wetting of the test section by the
mercury. These features are identified in the description presented below.

The mercury was contained in a hermetically sealed stainless steel
cylinder which was about one foot high and 10 in. in diameter. The liquid
was introduced into the loop by pressurizing the cylinder to a gauge pres-
sure of 80 lbf/in.Z After the loop was filled with mercury and the valve in
the connecting line between container and loop closed, the pressure was re-
leased by opening a small needle valve at the top of the container. This
valve was kept open during operation of the loop; in that way, it was possible
to drain the mercury at once in the event of a failure of a part of the loop.
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The nitrogen was supplied by a battery of four gas cylinders and

ass
passed through a gas filter, a flow meter, a mercury trap, and a byp

i iqui i . The mer-
control line, respectively, before entering the gas-liquid mixer e

ine and the orifice flow
cury trap was installed between the bypass control line

meter in order to prevent any mercury from being deposited in the flow

meter pipe.

.2
A constant gauge pressure of 70 lbf/m. was kept uPst:.rearr} of the
orifice flow meter during operation of the loop. The.gas-llquld mixer was
the same as the one used for the air-water and the nitrogen-Freon

experiments,

The riser for the nitrogen-mercury loop was a 6-'ft high, %-in,ID
nickel-plated pipe. In the choice of the test secti~on special attention was
paid to the fact that mercury is a nonwetting liquid to .almost all surfaces.
Although the experiments could have been performed in E nor.lwett?d test
section, there existed several reasons for preferring a pipe in which the
liquid presented a high degree of adhesion to the wall.

Earlier observations(18) of gas rising through mercury in a glass
pipe revealed that the gas had a tendency to rise along the wall of the pipe.
The liquid-wall interface was a path of least resistance because of the non-
wetting properties of the mercury, When tests were performed with liquids
which did wet the pipe wall, however, it was observed that the gaseous phase
was concentrated at the center of the conduit. The existence of a preferen-
tial path along the pipe wall has been reported to cause an unstable flow
pattern which is accompanied by severe static pressure oscilla.tions,(ls)

It was intended to compare the results of the nitrogen-mercury study with
those obtained for the other mixtures. A comparison, however, could be
justified only if the flow patterns in the nitrogen-mercury flow were similar
to those which occurred in the other mixtures, A mercury-wetted pipe wall
was therefore necessary,

Mercury-wetted surfaces are commonly obtained by adding wetting
agents to the liquid metal, The addition of 0,1 per cent sodium, or 0,02 per
cent magnesium together with 0.0001 per cent titanium, which serves to
reduce the corrosive properties of the mercury, was successfully applied
in the past whenever high temperatures were involved,(29-31 This tech-
nique, however, was found to fail at room temperature. An attempt was
made to obtain a mercury-wetted surface by using a clean liquid and a clean,
smooth surface. Tests performed with possible surface materials showed
that a nickel surface was wetted by mercury at room temperature after it
had been treated by dilute hydrochloric acid. It was further observed that
the best results were obtained when the nickel surface had not been given
time to dry after it had been exposed to the acid solution. Rubbing the sub-
merged surface by a brush or shaking the sample piece in the liquid was
found to promote wetting. It was also observed that the surface remained
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wetted by the mercury as long as the submersion was not discontinued for
too long a time. A prolonged exposure of the wetted surface to the air re-
sulted in the formation of oxides which inhibited further wetting, The oxides
were found to be formed in a period of the order of one hour.

Based on these observations, the test section was plated with a
0.002-in. nickel coating. In order to avoid the formation of oxides it was
necessary to keep the mercury in the test section during the entire experi-
mental program. It was, therefore, necessary to build the test section in
such a way that it could be closed off from any other part of the loop or the
measuring apparatus. The bottom of the riser could be blocked off by the
valves in the bypass lines of the gas inlet, and by a gate valve (designated
as "A" in Figure 4) installed at the end of the horizontal connection between
downcomer and riser. In order to provide flexibility for varying the distance
across which the pressure differences were to be measured, the test section
was built with a larger number of pressure taps than actually needed. Some
trial runs would then be made to determine what combination of pressure
taps would give satisfactory precision. As a result, six pressure taps were
installed at the test section for connection to differential manometers. In
addition, three taps were provided for connection to pressure gauges. When
adequately combined, the taps could form test sections which were either 6,
12, or 24 in. long. All taps were provided with needle valves so that changes
could be made after the loop had been filled.

The following procedure was used to obtain a mercury-wetted test
section. The riser was completely closed off from the rest of the loop, and
the separator was removed. A solution of 50 per cent hydrochloric acid was
poured into the riser from the top, and the mercury was introduced as soon
as the riser was filled with acid solution. The remaining part of the loop
was filled with mercury after the separator had been installed, the gate
valve "A" was opened, and nitrogen was blown through the mercury for about
15 min. This procedure permitted the wetting process to be promoted by
the turbulent two-phase flow. The above-described procedure led to a test
section which was later observed to have been wetted by mercury over more
than ninety per cent of its inner surface. This fact was determined by de-
tailed examination of the surface after the loop had been drained.

C. Instrumentation

The parameters that were to be measured during operation of the
loops were the following: the void fraction at the test point, the absolute
pressure at the test point, the liquid flow rate, the gas flow rate, and the
temperature of the fluids.

The void fractions were obtained primarily from differential pres-
sure measurements between two points. A number of gamma traverses
were made to check results obtained with the foregoing method. The gamma
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traversing system, however, had a number of inherent inaccuracies v.vhich
made the data less self-consistent than the data from the pressure-difference
measurements. In addition, the use of the gamma traversing system was
time-consuming for routine work. Absolute pressures were determined by
adding differential pressure readings. This technique was not used for the
nitrogen-mercury experiments, for which pressure gauges were found to be
more convenient and to give sufficient precision. Liquid and gas flow rates
were measured with orifice flow meters. Temperatures were obtained from
thermocouple or bimetal dial thermometer readings.

1. The Gamma Traversing Equipment

The principle of the gamma traversing equipment is based on
the fact that the attenuation of gamma rays in matter is proportional to the
density of the material on which the gamma rays impinge. A collimated
gamma beam traverses the channel in a plane which is perpendicular to the
channel axis. Traverses are made when the channel is empty, full, and filled
with two-phase mixture, respectively. The void fraction in the two-phase
mixture is then readily determined from a comparison between the attenu-
ation obtained in each of these three conditions. This method has been de- ..
scribed and discussed several times before;(7:32) a5 4 result, only a short
review of the experimental setup and the operation is given below. A typical
setup of this void-measuring apparatus is given in Figure 6.

Channel
] Linear
ghU1ium Current Brown
ource
Eauafnt 1] Amplifier Recorder
Scintillation
Crystal and
Photomultiplier
3 Tube

Fig. 6. Void-measuring Apparatus

The gamma source was a thulium-170 pellet, enclosed in an
aluminum container, Thulium-170 has a half-life of 129 days, and its energy
spectrum shows peaks at 0.053 Mev and at 0.084 Mev. The 0.053-Mev peak
was absorbed by inserting a lead plate (0.0625 in. thick
and the channel in order to obtain the required monoen
the time of the tests, the thulium pellet produced a dos
distance of 2.5 in. after its low-
plate.

) between the source
ergetic radiation. At
e rate of 2 r/hr at a
energy peak had been absorbed by the lead



The detector was a NaI(T1) scintillation crystal optically coupled
by a Lucite light pipe to a Dumont photomultiplier tube. The gamma beam
was collimated by a rectangular window (0.03 in. by 0.5 in. in cross section)
which was cut in the face of the 1-in.-thick lead shield that surrounded the
crystal. Cooling coils in the shield kept the temperature constant within
+0.5°F. This cooling was necessary since the functioning of both the scintil-
lation crystal and the photomultiplier tube was temperature sensitive, The
supply voltage to the photomultiplier tube could be regulated to within 0.1 per
cent of the scale reading. The unattenuated gammas produced a signal in the
photomultiplier which was then amplified before being transmitted to a
Brown recorder of 0 to 10-mv range. Changes in source strength were cor-
rected by taking full and empty channel traverses twice daily. Amplifier-
drift errors were reduced by taking full channel traverses every three or
four runs. The average error in the determination of void fractions by the
gamma traversing equipment was of the order of seven per cent. The pre-
cision of this technique, however, decreased significantly with decreasing
values of the void fractions.

2. Manometers

All manometers were mounted for differential pressure measure-
ments. Indicating fluids had specific gravities of 1.75, 2.95, and 13.6, re-
spectively. The scale range of each manometer was 60 in., and the scales
were graduated in inches and tenths of inches.

The manometers which were used to determine void fractions in
the nitrogen-mercury mixture deserve special mention. The continuous
collapse of the two-phase flow structure in the test section resulted in heavy
pulsations in the manometer legs; this was particularly serious for static
pressure taps. Differential manometers, however, damped the pulsations
to an extent that sufficient precision and reproducibility of the data could be
obtained. The principle of differential manometers was applied to this mer-
cury flow system by inverting U-tube manometers so that the connection to
the test section could be made at the bottom of the manometers. Both legs
were connected by a water column on top of the mercury.

A second problem in the construction of the manometer system
originated from the requirement of having short distances between the pres-
sure taps at the test section. Long distances would give more precise read-
ings on the manometers. Short distances, however, were preferred in order
to reduce the error in the determination of the gas density which corre-
sponded to the average void fraction between two pressure taps. The test
point was considered to be at halfway the distance between the two taps. The
gas density at that point was determined from gauge pressure measurements.
This procedure could not be justified unless the pressure variation between
the two manometer taps could be approximated by a straight line; this re-
quired short distances between the taps. The problem was successfully
solved by inclining the manometers to 10° with the horizontal. A schematic
representation of this manometer system is shown in Figure 7.
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Fig. 7. Inclined Manometer for Void-fraction Determination in the
Nitrogen-Mercury Mixture

3. Orifice Flow Meters

Both gas and liquid flow rates were measured by means of
orifice flow meters which were constructed according to the recommenda-
tions of Grace and La.pple.(33) The liquid flow rate was measured in a
1.5-in.-ID pipe; the orifice plates were 0.500, 0.750 and 1 in. in diameter,
respectively. The gas flow meter line was a l-in.-ID pipe and the orifice
diameters were 0.0312, 0.0597, 0.1250, and 0.5000 in, respectively. All
orifice diameters had a maximum uncertainty of +0.0005 in.

4. Pressure Gauges

The absolute pressure at the test points in the nitrogen-mercury
mixture was measured by means of Ashcroft pressure gauges with a maxi-
mum scale reading of 30 lbf/in.z. The precision of the gauges was +1 per
cent of the maximum scale reading.

5. Dial Thermometers and Thermocouples

Bimetal dial thermometers were used to measure the average
temperature of the gas at the orifice flow meter and to determine the tem-
perature of the liquid at a point upstream of the liquid orifice flow meter.
The precision of these thermometers was +1°C. Iron-constantan thermo-
couples were used to determine the average temperature of the two-phase
mixture in the test section. The voltages were measured by means of a

Rubicon potentiometer. The temperatures could be measured with a pre-
cision of +1°F,



III. EXPERIMENTAL PROCEDURES

The procedure which was followed throughout the experimental
program is summarized below. After the loop was filled with liquid and
the manometer lines cleared of bubbles, the gas flow was started and the
liquid circulation was adjusted to the desired rate. The following variables
were then recorded: the liquid flow rate, the gas flow rate, the average
temperature of the two-phase mixture, the barometric pressure, and the
pressure differences between the taps on the test section. For a specific
circulation rate of the liquid, the gas flow rate was varied over as wide a
range as permitted by the experimental setup. In that way it was possible
to determine how a two-phase flow parameter (e.g., the slip ratio) was
varying as a function of quality. This completed, the liquid circulation rate
was adjusted to another value and a new series of tests was started. Two-
phase flow parameters were determined as a function of quality for super-
ficial liquid velocities of 0, 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, and 1 ft/sec,
respectively.

The results, which are presented in Chapter IV for air-water and
nitrogen-Freon mixtures, were derived from data obtained at test point
No. 2 (see Figure 2). The data for the nitrogen-mercury mixture were ob-
tained at test point No. 5 (see Figure 5).

Inasmuch as [see Equation (1.15)],

(%) ()

the determination of the slip ratio required the measurement of the quality
X, the void fraction 0, the gas density Pgs and the liquid density pg. The
other two-phase flow parameters were derived from the same data. The
quality was determined by the ratio of the gas flow rate to the total mass
flow rate. The gas and liquid flow rates were measured by means of orifice
flow meters, and the calculations were carried out according to the recom-
mendations of Grace and Lapple.(33) The void fraction was determined from
pressure-drop measurements or by means of the gamma traversing equip-
ment. The determination of the gas density consisted essentially in the
measurement of the absolute pressure at the test point. The exact liquid
density was derived from temperature measurements obtained by means of
a bimetal dial thermometer. The experimental procedure was the same for
the three mixtures. The reduction of the data, however, was slightly dif-
ferent for each mixture and is described below.

A. Reduction of the Air-Water Data

The void fraction and the absolute pressure at the test point were
derived from pressure-drop measurements. The reduction of the data was
based on the following theory.
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Consider a vertical channel in which a two-phase mixture is flowing
at a steady rate. The pressure drop AP between two points can be written

as

AP = APy + APgpf + AP (3.1)
being given by the sum of the hydrostatic head APp, the frictional pressure
drop APtpf, and the acceleration pressure drop AP,.. The frictional pres-
sure drop is evaluated by the relation

V2

APips = RAP, = R\/4f% Z:) : (832)
\ /

where R is the Martinelli-Nelson friction factor and f the Fanning friction

factor for single-phase flow. The low superficial liquid velocity

(W = 1 ft/sec), however, does not cause a significant frictional pressure

drop, the maximum value of the term Aptpf being 2 per cent of the hydro-

static head APy. Thus, the frictional pressure drop can be neglected with

respect to the hydrostatic head.

The maximum value of the acceleration pressure drop is obtained
from homogeneous flow theory. If it be assumed that a homogeneous mix-
ture flows in the test section (see Figure 2), the rate of change of momen-
tum between the points 1 and 3 can be written as

W
APAPaC = g (V) -Vs) , (3.3)

V) and V; being the velocity of the two-phase mixture at the positions 1 and
3, respectively. We also have

Wt/Ap = (@ H (3.4)

Vips = Vlﬁl = & ; (3 5)
and

p=(1-apg+apy ~(1-a)p (3.6)

unless a = 1. Substitution of Equations (3.4) to (3.6) into Equation (3.3)
followed by rearrangement, yields e

ST ST |y (357

or

et o s e
2 7 geps (1-061)(1-%)J : (3.8)



The mass flow rate per unit area, G, is small because of the low superficial
velocities which are involved. The maximum value of the acceleration pres-
sure drop is found to be of the order of 1 per cent of the value of the hydro-
static head. Thus, the term AP, can be neglected, and Equation (3.1)
becomes

o = il —
AP = AP, = H[(1-T)p, +8p | =Hpy1-3) , 3.
3 |(1-a)py +2p, | = Hpyll -a) (3.9)
H being the distance between two pressure taps. The average void fraction
between two taps is now given by the formula

APy

a=1- —
Hpy

(3.10)

The absolute pressure at the test point was determined by adding
APy, + -21- AP,; to the barometric pressure (see Figure 2). This procedure
was acceptable for the air-water mixture, since the pressure variation as
a function of channel height could be approximated by a straight line.

B. Reduction of the Nitrogen-Freon Data

The experimental study of the nitrogen-Freon mixture was the most
difficult of the studies made because of secondary effects. These effects
included mixing of the Freon with the indicating fluids in the manometer
legs, evaporation of the Freon into the nitrogen, severe temperature
changes as a result of this vaporization, and finally a serious loss of expen-
sive liquid, which limited the amount of data that could be taken. As a re-
sult, the superficial liquid velocities had inaccuracies of *10 per cent. In
addition, because of the mixing of the manometer fluid with the Freon, void
fractions determined by pressure-drop measurements were in question.
Therefore, the void fractions had to be determined by the gamma traversing
technique. Furthermore, the slip-quality relations became dependent upon
the relative humidity ¢ of the gas phase.

The evaporation of Freon into the nitrogen resulted in a change of
the density of the gas phase. It can be shown, however, that the void frac-
tion at a point in the riser did not depend upon the density of the gas phase.
The driving force in the natural-circulation loop originated from the pres-
ence of a two-phase mixture in the riser and corresponded to

F = APAPt = A APy = A, Hpy(1-a) (3.11)
with
fHoc(H) dH
s _°__H__ ((5).112)
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The natural-circulation loop was operated in such a way that a constant
circulation rate was maintained during a run. This implied that the driv-
ing force was constant. Equation (3.11) shows that this conditi.on was '
equivalent to the condition of a constant average void fraction in the r1.ser,
It is left to prove that the variation of the void fraction a(H) as a function
of channel height was not affected by the change in composition of the
gaseous phase. It is sufficient to show that the evaporation of the Freon
did not result in a substantial change of the compressibility factor C of the
gas phase. The compressibility factor of the nitrogen was 0.998. The
compressibility factor of the Freon vapor was d;fived from a comparison
between its Beattie-Bridgman equation of state and the ideal gas law.
It was found to vary between 0.994 and 0.981 in the temperature and pres-
sure ranges that were pertinent to these experiments. Thus, the gas mix-
ture could be treated as an ideal gas for any value of the relative humidity
¢. Therefore, the variation of the void fraction with channel height was
independent of the relative humidity. As a result, the knowledge of the
void fraction for one value of ¢, although unknown, could be used in the
calculation of the slip ratios for any value of ¢.

The absolute pressure at the test point was determined by an iter-
ation calculation which was based on the relation

AP = pp(l-@mH . (3.9)
Further reduction of the data was performed as follows.
The saturation pressure Pg,¢ of the Freon vapor depended only

upon the temperature existing at the test point. The partial pressure 12
of the Freon vapor was given by

Ps = 9P, (3.13)
and the partial pressure of the nitrogen gas was then given by
By = Doy (3.14)

the absolute pressure at the test point being denoted by P. The specific

volume of the nitrogen was then readily determined from Equation (3.14)
as

Nz = ReT/Pre (3.15)

Ry, being the ideal gas. constant of the nitrogen, and T the absolute tem-
perature at the test point. The specific humidity SH was defined as the
number of pounds of Freon vapor

- per pound of dry nitrogen and was given
y

SH = ¢

s (3.16)



V,FR being the specific volume of the Freon vapor. The mass flow rate of
the Freon vapor at the test point was then equal to

WgFR = SH Wg = SH W2 (3.17)

and the quality was given by

w w
o= _EEEWi_EE : (3.18)
t

The density of the gas phase was determined by the relation

(1+SH)

M
(1 e e
MFR

Pg = PNz (3.19)

\

with My;, and MpR denoting the molecular weights of nitrogen and
Freon-113, respectively.

C. Reduction of the Nitrogen-Mercury Data

The reduction of the nitrogen-mercury data was similar to the re-
duction of the air-water data. The approximations

APtpf/APh = 0 5 APac/APh ~0

could not be verified by means of gamma traverses. They were believed to
be valid, however, because the void fractions never exceeded the value 0.500.
This implied low frictional and acceleration pressure drops. As a result,
the void fraction was readily determined by means of Equation (3.10):

APy,

a = ] -« —

(3.10)

The absolute pressure at the test point was determined by means of pressure
gauges.
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IV. EXPERIMENTAL RESULTS

This chapter presents the experimental results of the three mixtures

in graphical form. The results are discussed in detail, and a short error

analysis is given to emphasize the precision of the experimental procedure.

A. Presentation and Discussion of Results

Results are presented for superficial liquid velocities of 0.1, 0.2,
0.3, 0.6, and 1 ft/sec. The results for the superficial velocities of 0.4 and
0.8 ft/sec have been omitted for the sake of clarity inthe graphical pre-
sentation; they fell within the bounds set by the results for 0.3 and 0.6 ft/sec,

and 0.6 and 1 ft/sec, respectively.

The slip-velocity ratios of the air-water mixtures are presented as
a function of quality and circulation rate in Figure 8. A similar plot is
given for the nitrogen-mercury slip ratios in Figure 9. It can be seen that
the slip ratios increase with quality, and decrease with circulation rate.
The influence of the circulation rate, however, decreases with increasing
superficial liquid velocity. The results of the nitrogen-mercury study
clearly illustrate that the influence of the circulation rate also decreases
with decreasing quality. It is finally noted that the slopes of the slip-
quality lines decrease with increasing quality. The above observations
are consistent with those obtained in previous studies (see Section E of
the Introduction).
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Fig, 8. Sllip Ratio as a Function of Quality and Superficial
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The nitrogen-mercury slip ratios determined in this study were
significantly higher than those which Neal 18) obtained in a 1-in.-ID non-
wetted test section. An acceptable explanation for the significant difference
in the slip ratios is based on the fact that the nonwetting property of the
mercury in Neal's test section caused the formation of large gas slugs.
Neal reported that these slugs were rising along one side of the channel
wall, while the mercury was flowing downwards along the opposite side of
the wall. Neal's visual study of flow in a 1-in.-ID nonwetted glass pipe
revealed slugs of lengths up to 8 in. The velocity of a slug of that size was
apt to be strongly affected by the size of the conduit. The nitrogen-mercury
tests of this study, however, were performed in a wetted 2-in.-ID nickel-
plated test section. Because the pipe was wetted it is believed that the
formation of large slugs was not encountered in the present tests. This
difference in flow conditions possibly explains the difference in the slip
ratios.

Figures 10 and 11 give slip ratios in a nitrogen-Freon mixture as
a function of quality and relative humidity of the gas phase for two specific
circulation rates. It is recalled that the Freon evaporated into the nitrogen.
As a result, the gas phase was a mixture of nitrogen and Freon vapor. The
relative humidity ¢ of the gas phase is the ratio of the partial pressure of
the Freon vapor in the gas phase to the saturation pressure of the Freon.
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This saturation pressure is a function of the temperature of the two-phase
mixture at the test point. The effect of the vaporization of the Freon into
the nitrogen is seen to decrease with increasing circulation rate.

The slip ratios which were given in Figures 8 to 11 are plotted as
a function of the ratio of the volumetric flow rates in Figures 12, 13, and
14. The correlation used was that proposed by Kutateladze(9) and worked
out by Marchaterre and Hoglund( for air-water and steam-water mix-
tures. The working graph which was published by the aforementioned
authors was valid for superficial liquid velocities higher than 0.8 ft/sec.
The results presented in Figure 12 are not consistent with the working
graph of Marchaterre and Hoglund.
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Attention should be paid to the fact that slip ratios are higher in a
nitrogen-mercury mixture than in an air-water mixture. Similarly, the
air-water slip ratios are higher than those in the nitrogen-Freon mixture.
It should be noted that the influence of the liquid density and the gas density
have been eliminated by plotting the slip ratios versus the ratio of the
volumetric flow rates. The fact that the curves for the various fluids were
different despite the elimination of density effects leads to the conclusion
that fluid properties, other than the densities, do have an influence on
slippage.

The relative velocity between the gas phase and the liquid phase is
presented as a function of quality and circulation rate in Figure 15 for the
air-water mixture and in Figure 16 for the nitrogen-mercury mixture.
The relative velocity is seen to increase with both the quality and the super-
ficial liquid velocity. The variation of the relative velocity as a function
of quality is linear except in the low-quality range in which bubble flow
occurs. This clearly illustrates that the bubble-flow pattern is governed
by physical laws which are different from those that are pertinent to the
slug- or churn-flow patterns. It should be noted that all lines converge
toward the value of the terminal velocity of a single bubble rising in a
fluid.
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Figure 17 presents the relative velocity between the gas and the
liquid phase for the nitrogen-Freon mixture. The influence of the vapori-
zation of the Freon into the nitrogen is again sharply depicted. Assuming
that one is permitted to extrapolate linearly the lines to zero quality, it
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becomes apparent that a gas bubble into which Freon is evaporating will
have a higher terminal velocity than a gas bubble which is not subject to
humidification.

The relative velocities are plotted versus the ratio of the volumetric
flow rates in Figures 18, 19, and 20. Attention should be paid to the simi-
larity between Figure 18 for the air-water mixture and Figure 19 for the
nitrogen-mercury mixture. Graphs, previously presented, also showed a
distinct similarity between the air-water and nitrogen-mercury data., This
similarity is used in Chapter V as the basis for the hypothesis that it is
possible to combine slip ratios for fluids with different properties into
one general correlation.
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The void fraction has been plotted as a function of quality and cir-
culation rate in Figure 21 for the air-water mixture, and in Figure 22 for
the nitrogen-mercury mixture. Figure 21 illustrates that the void fraction
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of the quality as long as the flow takes

place in the form of bubble or slug flow. The bubble-flow pattern exists
for void fractions ranging from 0 to approximately 0.280. The slug-flow
pattern can be identified for void fractions between 0.280 and 0.550. For
even higher void fractions, the flow takes place in the form of churn or
semi-annular flow. For these flow patterns, the void fraction is a slowly
varying function of the quality, and the effect of the circulation rate has

decreased.

is a rapidly increasing function

Figures 23 and 24 present the superficial gas velocity as a function
of the void fraction. Figure 23, which presents the data of the air-water
mixture, illustrates once more that the bubble- and slug-flow patterns
differ significantly from the churn- and semi-annular-flow patterns. When-
ever quality has been used as a correlating parameter in the previously
presented graphs, the effect of the circulation rate has been introduced
through the quality itself. This, however, is not the case in Figures 23
and 24, in which the variables in both the abscissa and the ordinate are
not related to the circulation rate. Thus, the curves of Figures 23 and 24
clearly identify the effect of the circulation rate.

A few experiments have been performed with no liquid circulation.
The superficial gas velocity is plotted versus the gas-to-liquid hold-up in
Figure 25 for the air-water mixture and in Figure 26 for the nitrogen-
mercury mixture. This type of correlation was for the first time presented
by Zmola et al. for air-water mixtures. Figure 25 is in good agreement
with the results reported by these authors.
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B. Error Analysis

This section gives a qualitative analysis of the errors that are in-
volved in the previously presented results. The precision of each instru-
ment is given in the section on the instrumentation and will not be restated

here.

From the formula for the slip ratio,

L = S b (1.15)
vy Wy a Pg

it is seen that the relative error in the slip ratio can be written as

A(Vg/Vg)_AW;; AW Aa Dp,  Dpy

SRR s (4.1
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It is immediately seen that the errors can be brought together into three
major groups, namely, errors in the measurement of the mass flow rates,
errors in the measurement of the void fraction, and errors in the determi=-
nation of the densities.

A short review of the difficulties which were encountered in the
measurement of these data is given below. These difficulties included tran-
sients from readjustments of the control valves, liquid-flow-rate oscillations,
and pulsations in the manometer legs. Flow-rate oscillations were low-
frequency periodic changes of the liquid flow rate. The pulsations in the
manometer legs originated from the irregular flow in the test section. They
occurred with high frequencies and could be damped out without reducing
the immediate response of the measuring device. Readings were taken only
after the transients from previous readjustments had died out. Flow-rate
oscillations and pulsations in the manometers were visually averaged at the
time that the data were taken.

The flow-rate oscillations and the pulsations in the manometers made
the measurement of the liquid flow rate rather difficult. Sufficient time was
spent to ascertain that the averaged value of the manometer reading cor-
responded to the desired flow rate. The measurement of the gas flow rate,
however, was not influenced by the difficulties described above because the
gas flow rate was supplied from a regulated source. Both flow rates were
measured by means of orifice flow meters, the orifice plates of which were
systematically changed in order to operate with the highest possible preci-
sion; the indicating fluids in the manometers were changed for the same
purpose.

The measurements of the void fractions which were done by means
of differential manometers were affected by both the flow oscillations and
the pulsations in the manometer legs. Extreme care was taken to avoid the
presence of gas in the vertical sections of the manometer lines. The runs
were interrupted about every four to five measurements so that the zero
readings of the manometers could be checked. Any indication of the possible
presence of gas in the lines led to the rejection of the data, and the run was
repeated after careful bleeding of the manometer lines.

The difficulties in the determination of the gas density were the same
- as those which affected the measurements of void fraction. The liquid den-
sity, however, could be determined without any appreciable error.

In view of the above-described difficulties, and the techniques that
were used to reduce their effects together with the precision of the instru-
ments that were employed, the average error of the slip ratios is thought to
be of the order of +7 per cent for the air-water data, 15 per cent for the
nitrogen-Freon data, and +11 per cent for the nitrogen-mercury data.
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V. DEVELOPMENT OF A GENERAL CORRELATION

The results presented in Chapter IV clearly illustrated the influence
of both the quality and the circulation rate on slippage. The plotting of the
slip ratios versus the ratio of the volumetric flow rates eliminated the effect
of the densities. A comparison between the data for the three mixtures in-
dicated that slippage is influenced not only by the density of the fluids but
also by the other fluid properties. In this chapter, an attempt will be made
to identify these fluid properties and to determine the importance of their
effect:

The procedure used for this purpose is based on the hypothesis that
it is possible to combine the slip ratios of the three mixtures into one gen-
eral correlation. Dimensional analysis was used to determine suitable
dimensionless groups. The resulting correlation was found to fit the data
well, It was possible to derive an empirical relation to predict slip ratios
as a function of flow parameters and fluid properties. Slip-quality curves
which were constructed by means of this relation, however, showed slopes
which were slightly different from the slopes of the curves presented in
Figures 8, 9, 10, and 11. The following correlation is, therefore, not a
substitute for the slip-quality graphs which were presented in Chapter IV.
The correlation is valuable, however, in that it gives insight into the rela-
tive importance of the independent variables which influence slippage.

A. Dimensional Analysis

The independent variables which were believed to affect slippage in
upward cocurrent flow were the gas flow rate W_, the liquid flow rate Wy,
the gas density at the test point, pg, the liquid density at the test point, py,
the dynamic viscosity of the liquid, u g, the surface tension of the liquid, o,
the diameter of the test section, D, and the acceleration due to gravity, g.
Any product of Vg and Vjy together with the above-listed variables has the
following form,
. (Wg)kl (Wﬂ)kz )k3 kg kg (Vg)k9 (V[/)klo (5.1)

()" (g (1))

If the appropriate dimensions are inserted, there is obtained
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The condition that the exponent of every dimension is zero gives three
equations with nine unknowns:

ki +ky +ky +ky+kg+k, =0 (5.3)
-ky -k, - kg - 2kg - 2kg + kg = 0, (5.4)

=3kat=3le, - fhke b ko kg — o= e o RN (5.5



Equations (5.3), (5.4), and (5.5) can be rearranged and k;, ky, and k; ex-
pressed in terms of the other exponents:

loM= Rt lc RotlcE BRI Rl o bl o (5.6)
ky = -k + kg + 2kg - kg - k), (5.7)
ky; = ke + 3k, + 5kg - 2kg - 2Kjp . (5.8)

Substitution of these variables into Equation (5.1) and grouping the terms
according to common exponent give

% - |(w)(72) %)(%‘3)} - -

The group W /W[, = X/ 1 - is the ratio of the gas flow rate to the liquid
flow rate. Ee group Py pg is the ratio of the liquid density to the gas den-
sity and includes the effect of the pressure in the term p The significance
of the group 0//.1 ¢V, becomes apparent when multiplying t ie numerator and
the denominator by D; it is the ratio of the surface tension forces to the
viscous shear forces. The surface tension forces originate from the inter-

action between the liquid phase and the gas phase at the gas-liquid interface.
The viscous shear forces find their origin in the velocity distribution existing

in the liquid phase. The last group, Vé/gD, is readily recognized as the
Froude number and is the ratio of the inertial to the gravitational or weight
forces. The significance of this group becomes apparent when multiplying
and dividing by pgA It is left to determine the functional relation between
the slip ratio and the dimensionless groups of Equation (5.9).

B. Derivation of a General Correlation

A cross-plot of the graphs presented in Figures 12, 13, and 14 re-
vealed that the lines of constant Froude number could be brought together
by multiplying the slip ratios by the dimensionless group (O/P'ﬂvo) raised
to a power of 0.300. A family of curves with the Froude number as param-
eter was obtained. This family of curves could be combined when the
Froude number was raised to a variable exponent which was a linear func-
tion of the logarithm of the volumetric flow rate ratio. A first attempt to
correlate the slip ratios of the three mixtures revealed a functional rela-
tion of the form

v : \ (P£\/ o \Co (VE\Cs
n\V£> ) Pl AP LARPy B
where
(s NefREN ]
C; = C4 - C5 logy [{1—3-{/1 k‘.pg>‘ (5-11)
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The best combination of the constants Cj, Cz, Cy and C; was deter-
mined by a statistical analysis. A selection was made of 124 data points
(out of a total of 294) in such a way that for each mixture and for each
circulation rate both the maximum and the minimum deviations from the
expected value would be included. A digital computer program was de-
veloped to perform this work. The program computed the least-square
best fit for the data for various combinations of C;, Cp, C4, and Cs. It also
permitted computation of the deviation (in per cent) of each point from the
line of best fit. The procedure for determining the best combination of
constants consisted in minimizing the standard deviation of the per cent
deviations of all points. The correlation which was found to be the "best"

for the data set is written as

0.700 ) -A ety
v Py v
S N IR
v, 0.815 <1_x A > : (5.12)
with
P
X Y
A = 0.420 - 0.135 logg li(ﬁ() <F§>} (5.13)

The correlation of Equations (5.12) and (5.13) is displayed in Figure 27.
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A close fit exists over the entire range of slip ratios. The distribution of
the per cent error of the data is given in Figure 28. This distribution has
a standard deviation of

gl = (O 137N (5.14)
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Equation (5.12) can also be written as

0,416 0.29 -B

v P 2
oo [(29) ) G (6B
== = .25 |l =— . Bl
7 {(1 -X> (pg KiVe) \gD )
where
B = 0.416 A = 0.175 - 0.056 lo e f—ﬂ'— (5.16)
v . . g10 1-X pg . .

Equations (5.15) and (5.16) can be used to evaluate the slip ratio as a func-
tion of the flow parameters and the fluid properties for superficial liquid
velocities ranging from 0 to 1 ft/sec, and pipe diameters larger than2in.
Figure 29 gives an error plot of the measured values of the slip ratios
versus the values predicted by Equations (5.15) and (5.16).
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A comparison between Equations (1.15) and (5.12) shows that the
liquid-to-gas hold-up can be evaluated from the empirical expression

o X <¥) -0.584 o 0\0k2) V(Z) -B
@ C O'S”KI—-%)(TJ} () G5 - G
X Pp
B = 0.175 - 0.056 logy, [<—><—>]
1-X pg

An error plot of the measured void fractions versus those predicted by
Equations (5.17) and (5.16) is given in Figure 30.

with

(5.16)

The empirical relations which were presented for the prediction of
slip ratios and void fractions are valid in the parameter ranges specified
in Table I. They are recommended for flow regimes with void fractions
ranging from 0.100 to 0.800 and apply to volumetric flow rate ratios rang-
ing from 0.600 to 100. Care should be used in extrapolating the correlation
outside the ranges specified above.
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C. Discussion of the Correlation

Seven independent variables are included in the general correlation,
namely, the quality, the superficial liquid velocity, the liquid density, the
gas density, the surface tension of the liquid, the viscosity of the liquid, and
the pipe diameter. The gas density, however, includes the effects of tem-
perature and pressure. The effect of the temperature is also introduced
through the liquid properties, i.e., through the surface tension, the viscos-
ity, and the density.

The effects of the gas viscosity and the pressure were not included
in the dimensional analysis. Whether or not the viscosity of the gas phase
has an influence on slippage is not known. One would expect that the gas
viscosity does have an influence, but its importance has not been investi-
gated yet. The two gases that were used in the experiments, air and nitro-
gen, have practically the same viscosity. Any influence of this fluid
property was therefore eliminated. The pressure has not been included in
the dimensional analysis, unless indirectly through the gas density. It has
been explained in the "Introduction" that the pressure has a dual influence

on slippage, namely, changing the gas density and affecting the flow patterns.
The pressure range which was covered in the experiments was rather small.
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The pressure in the nitrogen-mercury mixture ranged from one to two
atmospheres (absolute). The pressure in the air-water and nitrogen-
Freon mixtures varied slightly above one atmosphere. It is believed
that these variations in pressure are not significant enough to have a
sizeable influence on the flow patterns. When tests were performed in a
wider pressure range, however, the influence of the pressure could be
included in the general correlation in the form of a fifth dimensionless :
group, gCP/p lV%y which is the ratio of the static pressure to the dynamic
pressure.

The variable exponent of the Froude number in the correlation
can be interpreted as a functional formulation of the flow-pattern effect.
The fact that the data points are correlated over the entire range of the
slip ratios indicates that this variable exponent is valid for all flow pat-
terns which have beenencountered. These flow patterns are bubble flow,
slug or plug flow, churn-turbulent flow, and semi-annular flow,
respectively.

The values of the surface tensions which were used in the general
correlation are briefly discussed in this paragraph. A value of 0.005 1bf/ft
at 66°F was used for the surface tension of the Water.(35) Temperature
corrections were made only if a sizeable error (more than 1 per cent)
would have resulted from neglecting the temperature effect. The values
of the surface tension of mercury which are reported in the litera-
ture(35-38) vary over a range of 6 per cent. An average value of
0.03 lbf/ft was used in the correlation. The surface tension of the Freon
was 0,0013 1bg/ft.(39)

Equations (5.15) and (5.16) were used to reconstruct the slip-
quality graphs of Figures 8, 9, 10, and 11. It was observed that the slopes
of the reconstructed curves were slightly different from those of the best-
fit lines. The air-water reconstructed curves had a lower slope than the
measured curves; the nitrogen-mercury lines, however, showed the op-
posite trend. This indicates that some effects or independent variables
were omittedinthe derivation of the general correlation. An attempt was
made to include the dimensionless group gCP/ngé into the correlation,
but this did not bring any improvement.

The cause of the above-mentioned discrepancy between the slopes
could not be determined. The development of the general correlation was
based on the hypothesis that slip ratios for fluids with different properties
can be brought together into one correlation. There is noevidence to date
that this hypothesis is valid. Neal(lg) concluded in a recent study of
cocurrentnitrogen-mercury flow that the correlations developed for air-
water mixtures were not valid for nitrogen-mercury mixtures. This con-
clusion was based on results which were obtained from experiments in a
non-wetted test section. The type of flow which was observed in that case



was entirely different from the types generally identified in wetted pipes.

The nitrogen-mercury experiments of the present study, however, were
carried out in a mercury-wetted test section. Whether the wetting of the
wall by mercury gives flow types which are completely similar to those
in air-water mixtures could not be observed and has yet to be confirmed.
Thus, it is possible that the assumption of similar flow types in the three
mixtures was not valid; this would explain the difference in slopes.

A second reason for the discrepancy in the slip-quality slopes
could be found in an inadequate or incomplete choice of independent vari-
ables with which the dimensional analysis was performed. It is believed

that more two-phase mixtures should be tested to determine the validity
of this assumption.
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VI. SUMMARY AND CONCLUSIONS

This study was undertaken with the purpose of providin'g s.lip-ratio
data for gas-liquid mixtures which circulate with superficia¥ 1l1qu1d veloc-
ities ranging from 0 to 1 ft/sec. The need for these data orlgma.tted ft:om
the fact that existing correlations failed to predict accurately slip ratios
when the mixture was moving at a slow rate. The experimental study in-
volved the determination of slip ratios, relative velocities, void fractions,
and superficial gas velocities as a function of quality and circulation rate
in air-water, nitrogen-Freon-113, and nitrogen-mercury mixtures. All
experiments were carried out in natural-circulation loops under atmos-
pheric pressure, and the test sections were chosen large enough to avoid
geometry effects. The nitrogen-mercury mixture was studied in a mercury-
wetted test section. This avoided the formation of large gas slugs and the
subsequent unstable flow pattern which is characterized by severe static
pressure oscillations. A comparison was made between the slip ratios
obtained in each of the three mixtures with the purpose of identifying the
influence of fluid properties on gas slippage.

It was observed that two-phase flow parameters were strongly de-
pendent upon both the quality and the superficial liquid velocity. Slip ratios
and relative velocities were plotted versus the ratio of the volumetric flow
rates. A family of curves was obtained with the Froude number, which was
based on the superficial liquid velocity, as a parameter. The graph for the
air-water slip ratios was observed to deviate significantly from the work-
ing graph which was proposed by Marchaterre and Hoglund(e) for superficial
liquid velocities higher than 0.8 ft/sec.

It was found that fluid properties have significant influences on
slippage in gas-liquid mixtures. Slip ratios were observed to increase
with increasing surface tension, and to decrease with increasing dynamic
viscosity of the liquid. The effect of flow patterns was found to be con-
veniently described by a variable exponent of the Froude number. This
exponent could be expressed as a linearly decreasing function of the
logarithm of the volumetric flow rate ratio. Dimensional analysis was
used to derive empirical relations for the prediction of slip ratios and
void fractions as a function of the flow parameters and the fluid properties:

(5.15)

x b [ Pyp\]-o0. 0.2 -B
Ta = 0.815 [(%{M@) 584<_0_> 9<Y_°> ) (5.17)



with

B = 0.175 - 0.056 logy Kl—)—(}—(> (ﬁ—zﬂ . (5.16)

These empirical relations were determined for two-phase mixtures which
were flowing at superficial liquid velocities ranging from 0 to 1 ft/sec,
with corresponding void fractions ranging from 0.100 to 0.800. They are
not recommended for the prediction of slip ratios in pipes with inner
diameters less than 2 in. The empirical relations predicted 95 per cent
of the slip ratio data with a maximum relative error of 127.2 per cent,
and 95 per cent of the void fraction data with a maximum relative error of
115 per cent.

This study provides foundations upon which other studies can be
carried out. The fluids which were used in this experimental study had
surface tensions whose values varied over a wide range. As a result, the
effect of the surface tension could easily be observed. The values of the
dynamic viscosities of the liquid, however, were restricted to a narrow
range, and the presence of [y in the denominator of the dimensionless
group O/UpV, was justified on the basis of dimensional analysis. It is
suggested that tests be made to experimentally confirm the validity of
this group as a correlating parameter.

The influence of the viscosity of the gas was not investigated in
this study. More experimental data are needed to identify the importance
of this fluid property.

Dimensional analysis permitted a correlation of slip ratios and
void fractions as a function of flow parameters and fluid properties in a
parameter range which was restricted to low circulation rates, large pipe
diameters, and atmospheric pressure. An attempt should be made to
apply this correlating procedure to slip ratios and void fractions which
hold for conditions outside the range of this work. :
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APPENDIX

I. TABULATED DATA FOR AIR-WATER MIXTURE

Run Vo Xg_ Vg'Vl Vog < Py
Number  (ft/sec) X a Vg (ft/sec) (ft/sec) (1 -X> (’pg

- 0 - 0.597 - - 2.87 -
2 - 0.600 - - 2.74 3
3 - 0.584 - - 2.53 2
4 - 0.553 - - 2.31 3
5 - 0.553 = = 2.09 o
6 - 0.514 - - 1.84 =
7 = 0.481 - - 1.41 =
8 - 0.419 - - 0.97 =
9 - 0.339 - = 0.69 -
10 - 0.778 - = 11.80 =
11 - 0.784 - = 11.30 -
12 - 0.783 = B 10.60 -
13 - 0.766 - - 9.45 -
14 - 0.752 - - 8.19 -
15 B 0.733 = = 6.65 -
16 - 0.689 - - 4.68 =
17 - 0.619 - = 3.32 -
18 - 0.577 - - 2.63 <
19 - 0.847 - - 23.78 -
20 = 0.823 = - 18.90 -
21 = 0.803 = - 13.29 =

B-1 0.10 0.0763 0.703  28.60 9.28 6.78 67.80
2 0.0661 0.691  25.90 - - 57.88
3 0.0545 0.666  23.40 = - 46.60
4 0.0492 0.644  23.30 = = 42.16
5 0.0313 0.559  20.60 4,43 2.61 26.10
6 0.1260 0.763  37.20 15.20 12.02 119.46
7 0.0964 0.744  28.60 11.50 8.80 88.17
8 0.0428 0.666  18.30 = = 36.45
9 0.0349 0.559  23.30 - = 29.48
10 0.0293 0.566  18.80 4,11 2.45 24.56
11 0.0205 0.475  18.70 3.54 1.69 16.87
12 0.0137 0.419 15,50 2.48 1.12 11.16
13 0.0089 0.303  16.40 2.22 (), 710! 7.15
14 0.0020 p.108 | 12,10 1.34 0.156 1.56
15 0.0018 0.092  13.90 - - 1.41
16 0.0013 0.067  14.20 1.42 0.105 1.02
17 0.2200 0.828  49.30 = = 236.50
18 0.1880 0.803  47.50 - - 193.95
19 0.1550 0.788  41.10 = = 153.01
20 0.1133 0.780  29.82 = 5 105.74
21 0.0932 0.753  217.95 - g 85.21
22 0.0775 0.738  25.40 = = 69.04
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Run Vo _v_g_ Vg'vl v°g <_X_.> <EL>

Number  (ft/sec) 5% a Vi (ft/sec) (£t/sec) 1-X/\Pg

@Al 0.20 0.0390 0.694  14.70 8.95 6.79 33.40
2 0.0277 0.644  12.90 6.64 4,65 23.30
3 0.0187 0.578  11.30 4,89 3.10 15.50
4 0.0672 0.753  19.60 15.01 11.93 59.60
5 0.0528 0.728  17.20 - 5 46.10
6 0.0374 0.675  15.40 = = 32.00
7 0.0218 0.539  15.40 = = 18.10
8 0.0126 0.513 9.80 = = 10.40
9 0.0103 0.475 9.30 3.15 1.67 8.39
10 0.0059 0.377 7.80 2.18 0.94 4.71
11 0.0171 0.556  11.30 = . 14.18
12 0.0144 0.531  10.40 = o 11.85
13 0.0111 0.498 9.10 A = 9.05
14 0.1270 0.809  28.80 29.10 24.38 122.00
15 0.0978 0.781  25.40 = - 91.00
16 0.0843 Ohiaes s 22410 18.98 15.35 76.80
Bl 0.30 0.0455 0.750  13.3 15.18 11.89 39.80
2 0.0358 OENL T3 11.51 9.23 30.74
3 0.0241 0.678 9.7 8.05 6.09 20.35
4 0.0116 0.541 8.1 4.84 2.85 9.52
5 0.0264 0.678  10.6 - - 22.33
6 0.0191 0.663 8.1 e = 16.00
7 0.0103 0.516 7.9 - = 8.43
8 0.0115 0.550 7.7 = = 9.40
9 0.0094 0.544 6.4 ; - 7072
10 0.0083 0.506 6.6 - = 6.80
11 0.0065 0.450 6.5 3.11 1.58 5.31
12 0.0866 0.794  20.6 28.96 23.80 79.39
13 0.0721 0.788  17.5 = = 64.97
14 v 0.0608 0.763  16.8 20.26 16.19 53.95
ES1 0.40 0.0086 0.530 6.26 4.46 2.83 7.05
2 0.0081 0.527 6.00 - - 6.64
3 0.0073 0.509 5.80 = - 5.96
4 0.0064 0.486 5.50 - s 5.21
5 0.0052 0.447 5.20 = : 4.22
6 0.0041 0.402 4.90 - - 3.32
7 0.0029 0.338 4.60 2.15 0.93 2.32
8 0.0345 0.730  11.00 - - 29.76
9 0.0326 0.725  10.60 - Z 27.88
10 0.0299 0.716  10.20 = - 25.60
11 0.0268 0.709 9.40 - = 22.85
12 0.0227 0.683 8.90 2 . 19.19
13 0.0174 0.659 7.50 7.67 5.83 14.59
14 0.0127 0.614 6.60 5.83 4,22 10.53
15 0.0104 0.570 6.50 = - 8.58
16 0.0968 0.813  20.70 42.13 35.99 90.13
17 0.0756 0.805  16.60 32.01 27.42 68.68
18 0.0653 0.791  15.30 - < 58.14
19 0.0545 0.778  13.60 = = 47.85
20 0.0397 0.758  10.90 16.36 13.65 34.13
21 0.0292 0.723 9.50 & = 24.84
22 \ 0.0333 0.752 9.52 - - 28.85



Run Vo _V__ Vg-V[, Vog X _pj

Number  (ft/sec) X a Vy (ft/sec)  (ft/sec) <1_-X_> (Pg
E-23 0.40 0.0289 0.728 9.29 = - 24.85
24 0.0250 0.722 8.23 - - 21.38
25 0.0209 0.694 7.83 - - 17.76
26 0.0166 0.650 7.51 - - 13.97
27 0.0101 0.547 6.93 - - 8.37
28 / 0.0064 0.436 6.77 - - 5.23
F-1 0.60 0.0057 0.505 4,60 - - 4,65
2 0.0055 0.500 4.50 - - 4,49
3 0.0050 0.480 4,40 3.92 2.45 4.07
4 0.0044 0.464 4.10 - - 3751,
5 0.0038 0.434 4,00 - - 3.07
6 0.0029 0.375 3.90 - - 2.33
7 0.0019 0.313 3.30 2.05 0.97 1.52
8 0.0233 0.719 7.80 - - 19.88
0 0.0224 0.697 8.30 - - 19.02
10 0.0204 0.684 8.00 - - 17,26
11 0.0183 0.683 7.20 11.63 9.27 15.47
2 0.0148 0.658 6.40 - - 12.38
i1 0.0120 0.617 6.20 8.11 HRaT 9204
14 0.0086 0.578 5.20 - - 7.10
1i5 0.0061 0.513 4,70 - - 4.98
16 0.0674 0.794 15.60 42.55 36.07 60.22
17 0.0604 0.783 14,80 - - 53.56
18 0.0518 0.772 13.40 32.64 2723 45,42
1) 0.0454 0.766 12.10 - - 39.54
20 0.0316 0.734 9.80 19.85 16.18 27.00
21 0.0455 0.775 11.50 - - 39.78
22 0.0370 0.741 11.20 - - 32.03
Z3 0.0286 0.741 8.60 - - 24.45
24 0.0222 0.728 7.08 - - 18.93
25 0.0193 0.709 6.72 - - 16.39
26 0.0168 0.700 6.09 - - 14,20
20 0.0140 0.664 5295 - - 11.76
28 0.0105 0.616 5.43 - - 8.72
29 L 0.0066 0.527 4.85 - - 5.40
30 0.0042 0.419 4,54 - - 3.40
G-1 0.80 0.0041 0.444 4,20 - - 3.32
7 0.0043 0.475 3.90 - - 3.49
3 0.0037 0.444 3.70 - - 2599
4 0.0034 0.425 3.70 3579 2.22 2.74
5 0.0175 0.689 6.70 - - 14.77
6 0.0166 0.686 6.40 - - 14.02
7 0.0154 0.666 6.50 - - 12,92
8 0.0137 0.659 5.80 11.57 9.21 11.48
9 0.0112 0.639 5.30 - - 9.31
10 0.0081 0.589 4.70 Tl 5.34 6.72
11 0.0059 0.534 4.20 5.50 3.88 4.81
12 0.0044 0.483 3.80 - - 3.56
13 0.0511 0.766 13.70 - - 44.83
14 0.0506 0.761 13.90 - - 44,39
15 0.0333 0.747 9270/ 27.61 22.97 28.69
16 \ 0.0280 0.728  9.00 : - 23.96

)
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Run Vo Yo o Eol Vog <_§_><ﬁﬂ_>
Number  (ft/sec) X a 7 (ft/sec) (ft/sec) 1-X )\ pg

G-17 0.80 0.0226 0.709 7.90 18.91 15,34 G115
18 0.0142 0.664 6.00 - - 15290
19 0.0165 0.697 (1175 - - 188595
20 0.0147 0.686 B0 - - 12.44
21 0.0124 0.659 5.43 - - 10.49
22 0.0098 0.620 5.04 - - 8.23
23 0.0076 0.581 4.58 - - 6.35
24 0.0041 0.472 313 - - 3733
25 0.0036 0.431 3.86 - - 2208
H-1 1.0 0.0135 0.659 Gt 14.11 1021 11.18
2 0.0114 0.652 5.02 il 9.43 9.41
3 0.0097 0.647 4.35 9.46 7.96 7.98
4 0.0081 0.613 4.18 8.20 6.60 6.63
B 0.0071 0.609 3.72 6.93 BT 53 7(5)

II. TABULATED DATA FOR NITROGEN-MERCURY MIXTURE

Run Vo E Vg-Vz Vog ( = )(ﬂ>
Number (ft/sec) X a \7) (ft/sec) (ft/sec) 1-X Pg
1-1 0 - 0.138 - - 0.28 =
72 = 0.111 - - 0.22 =
3 = 0.101 - - 0.19 =
4 = 0.085 = = 0.15 -
5 - 0.062 - - 0.085 =
6 = 0.105 - - 0.21 =
7 - 0.083 - - 0.16 =
8 - 0.241 - - 0.86 2
9 - 0.239 = = 0.72 -
10 - 0.176 = - 0.51 =
11 - 0.094 - - 0.23 =
12 - 0.308 - - 0.93 -
13 - 0.247 - - 0.82 -
14 = 0.224 = = 0.71 -
15 = 0.197 = = 0.49 -
16 = 0.332 = = 1.19 1
17 = 0.317 = = 1Ll -
18 = 0.267 = - 0.95 -
19 = 0.381 = - 1.30 -
20 - 0.341 = = 1.03 -
21 = 0.296 = = 0.86 -
22 = 0.270 - - 0.63 -
23 v = 0.206 = - 0.39 -
J=1 0.10 0.000502  0.110  21.08 2.25 0.26 2.60
2] 0.000469  0.117  18.26 1.96 0.24 2.42
3 0.000393  0.100  18.13 1.90 0.20 2.01
4 0.000290  0.080  16.70 1ol 0.15 1.45
5 0.000203  0.052  18.09 1.80 0.10 1.00
6 0.000144  0.039 17.15 1.68 0.07 0.70
7 0.001125  0.231  24.28 3.03 0473 7.29
8 0.000944  0.185  23.30 2.3 0.53 5.29
9 / 0.00105 0.190  24.91 2.95 0.58 5.84



Run Vo Y_g Veg-Vy Vog X Py
Number  (ft/sec) X o 7 (ft/sec)  (ft/sec) < m{) <p_g
J-10 0.10 0.000670  0.134  23.34 2.58 0.36 3.61
11 0.00129 0.242  23.41 2.96 0.74 7.48
12 0.00150 0.256  26.15 3.38 0.90 9.00
13 0.00164 0.298  23.70 3.23 1.00 10.05
14 0.00183 0.321  24.60 3.48 1.16 11.64
15 0.00193 0.340  24.00 3.49 1.24 12.37
16 0.00114 0.225 22.14 2.73 0.64 6.43
17 0.00177 0.317  24.07 3.38 0 i, 7
18 0.00263 0.374  29.10 4,49 1.74 17.38
19 0.00320 0.455  27.48 4.86 2.29 22.94
20 Y 0.00352 0.463  27.60 4,49 2.53 25.20
el 0.20 0.000264  0.116  10.51 2.16 0.28 1.38
2 0.000247  0.110  10.44 2.13 0.26 1.29
3 0.000220  0.096  10.62 2.13 0.23 1.13
4 0.000203  0.084  11.35 2.26 0.21 1.04
5 0.000165  0.079 9.74 1.90 0.17 0.84
6 0.000122  0.052  10.94 2.09 0.11 0.60
7 0.000079  0.035  10.53 1.98 0.08 0.38
8 0.000624  0.212  13.17 3.08 0.71 3.54
9 0.000542  0.165  15.57 3.49 0.62 3.08
10 0.000439  0.144  14.34 3.12 0.48 2.41
11 0.000331  0.108  14.37 3.00 0.35 1.74
12 0.000217  0.062  16.63- 3.33 0.22 1.10
13 0.000637  0.213  13.45 3.16 0.73 3.64
14 0.000716  0.245 13.15 3.21 0.85 4.27
15 0.000870  0.269  14.81 BT, 1.10 5,45
16 0.000954  0.295  14.39 3.79 1.20 6.02
17 0.001020  0.320  14.00 3.81 1.32 6.59
18 0.001840  0.478  13.93 4.96 2.55 12.76
19 0.001520  0.410  15.16 4,81 2.10 10.54
20 0.001250  0.381  13.43 4,01 1.65 8.26
21 0.000868  0.287  12.59 3.26 1.06 5.07
22 0.000407 0.171  10.98 2l 0.45 2820
Ll 0.30 0.000170  0.103 7.64 2.22 0.26 0.88
2 0.000491  0.250 8.54 3.01 0.85 2.85
3 0.000481  0.210  10.15 3.52 0.74 2.73
4 0.000374  0.200 8.00 2.62 0.63 2.00
5 0.000325  0.181 8.07 2.60 0.54 1.79
6 0.000271  0.152 8.15 2.52 0.44 1.47
7 0.000221  0.128 7.86 2.37 0.35 1.15
8 0.000658  0.293 9.73 3.71 1,21 4,03
9 0.000587  0.277 9.26 3.43 1.08 3.55
10 0.000495  0.235 9.39 3.30 0.87 2.89
11 0.000430  0.216 8.92 3.03 0.74 2.46
12 0.000569  0.259 9.70 4.03 1.02 3.39
13 0.000832  0.363 9.73 4,11 1.66 5.54
14 0.001103  0.431 9.70 4.59 2.20 7.35
15 A4 0.001265  0.443  11.03 5.41 2.63 8.717

)
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Run Vo Vg Vg-V‘@ vog __.> <P_4
Number (£t/sec) X a vy (£t/sec) (ft/sec) 1-X)\pg
Wil 0.40 0.000355 0.238 6.59 21is 0.82 2.06
2 0.000325 0.205 Tl L7/ e (0} 72 1.88
3 0.000283 0.184 7.28 3509 0.63 1.64
4 0.000228 0.156 6.69 2.69 049 1,24
5) 0.000182 0.126 6.63 D 0.38 0.96
6 0.000107 0.100 4.76 1,67 0.21 0.53
7 L 0.000389 0.253 6.44 2.92 0.87 2.18

M-8 0.40 0.000363 0.236 6.86 3.0 0.85 22
9 0.000342 0.225 6.69 2.94 0.78 IS0=L
10 0.000351 0.212 {751 32l 0.81 2.02
11 0.000382 0.238 6.99 3.16 0.87 2.18
12 0.000437 0.259 {7235 316 1503 2.58
L2} 0.000479 0.290 6.36 3.02 1709, 2.60
14 0.000507 0.304 7.06 Seti) 1.23 3.09
155 0.000224 0.156 6.41 2,57 0.47 1518
16 0.000447 0271 {7aon 3230 1.04 2.61
17 0.000664 08355 7.85 4:25 1273 4,32
18 0.000759 0.400 bl 4.28 1798 4.94
N-1 0.60 0.000304 0.271 4,74 3501 1205 1.76
2 0.000278 0.223 5.61 3157 0.9 1.61

3 0.000254 0.224 4,93 3:03 0285 1.42

4 0.000230 0.192 5.30 321 0.76 1526

5 0.000323 0.271 5.10 357 1814 12910

6 0.000217 0.211 4.40 2859, (o) i7dd 1218

7 0.000356 0.287 5.05 3:4l 1221 2.08

8 0.000435 0.314 5:55 3299 1552 2,54

9 L 0.000519 0.352 5590 4752 1292 3520
10 0.000578 0.384 5.90 4519 Bl 3.68
O-1 0.80 0.000295 0.262 4.98 4.36 1541 12T
2 0.000312 0.282 4,90 4,37 1.54 1.93;

3 0.000332 0.285 5.14 4.61 1.64 2H05

4 0.000376 0.322 4.96 4.69 1.88 2.36

5 0.000354 0.312 4581 4,42 175 2 05)

6 0.000397 0.347 4.68 4.49 1290 245

7 0.000441 0.364 4.94 4.95 28716 2583

8 0.000441 0.365 4.42 4.31 23 254

9 0.000414 0:353 4.52 4.34 1 fsli 2T
10 0.000373 0.347 4,21 Sheil 870 22t
11 0.000308 0.286 4.49 3.92 1.44 1.80
12 0.000234 01251 B0 3810 105 15
P-1 1.0 0.000266 0.287 3.85 4.02 1.55 1955
2 0.000301 0.333 3.62 3.90 1 1281

3 0.000342 0.336 4.24 4,89 2014 2l

4 0.000323 05325 4.00 4.48 1292 1005

5 0.000285 0.302 392 4,17 1.69 1.70

6 0.000271 0.302 B0 3,90 1.60 1.60




III. TABULATED DATA FOR NITROGEN-FREON-113 MIXTURE
Run Vo e ey Vog X \ (P2
Number (ft/sec) ¢ % a _V_ﬂ (ft/sec) (ft/sec) <m(> (p—g
Q-1 0.870 0.00 0.00402 0.620 3.18 5.02 4.54 5.20
0.30 0.00610 3.70 6.20 5.7 6.04
0.60 0.00853 4.35 7.68 6.18 7.10
0.80 0.01039 4.89 8.89 6.93 7.98
1.00 0.01248 5.53 10.33 7.82 9.03
Q-2 0.870 0.00 0.00518 0.662 3.42 6.24 5.84 6.70
0.30 0.00755 3.91 7.49 6.66 7.67
0.60 0.01026 4.52 9.02 7.66 8.85
0.80 0.01230 5.00 10.23 8.47 9.80
1.00 0.01456 5.57 11.65 9.40 10.90
Q-3 0.870 0.00 0.00449 0.603 3.77 6.05 4.97 5.73
0.30 0.00632 4,25 7.09 5.59 6.45
0.60 0.00838 4.82 8.32 6.33 7.33
0.80 0.00991 B2 9.29 6.91 8.01
1.00 0.01158 5.79 10.40 7.58 8.80
Q-4 0.870 0.00 0.00302 0.516 3.55 4,56 3.28 3°78
0.30 0.00413 3.95 5.27 3.64 4,21
0.60 0.00537 4.42 6.11 4.07 4.72
0.80 0.00628 4.79 6.76 4,41 5.11
1.00 0.00726 5.20 7.49 4,78 5.55
R-1 0.360 0.00 0.00422 0.525 4.90 2.89 1.91 5.42
0.30 0.00681 5.85 3.59 282 6.47
0.60 0.00992 7.10 4.50 2.75 7.85
0.80 0.01236 8.18 5.28 3.16 9.04
1.00 0.01518 9.51 6.24 3.66 10.51
R-2 0.360 0.00 0.00356 0.464 5.21 2.76 1.58 4,51
0.30 0.00554 6.11 3.34 1.86 5.29
0.60 0.00787 7.28 4.09 2.20 6.30
0.80 0.00966 8.25 4,72 2.49 7.14
1.00 0.01170 9.42 5.47 2.84 8.16
R-3 0.360 0.00 0.00222 0.357 4.96 2.16 0.97 2.75
0.30 0.00342 5.80 2.62 1,112 3.22
0.60 0.00484 6.88 3.20 1.34 3.82
0.80 0.00593 T 3.68 1.51 4,31
1.00 0.00717 8.84 4.26 77 4,91

)
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NOMENCLATURE

Froude-number exponent in dimension-
less correlation

Cross-sectional area occupied by the
gas phase (ft%)

Cross-sectional area occupied by the
liquid phase (ft?)

Cross-sectional area of flow (ft?)

Froude-number exponent in empirical
relation

Compressibility factor in P = CRT
Diameter of test section (ft)

Fanning friction factor (dimensionless)
or function

Driving force (1bf)
Froude Number, Vg/gD (dimensionless)

Mass flow rate per unit area
(1bm/sec-ftz)

Gravitational constant, 32.2 ft/sec2
Conversion factor, 32.2 1bm-f1:/lbf-secz
Length in direction of flow (£t)

Length (ft)

Mass (lb,)

Exponent, kj, ko, kay .« - ¢

Static pressure (lbf/ftz)

Martinelli-Nelson two-phase friction
factor

Specific humidity (dimensionless)
Time (sec)

Average linear velocity of the gas
phase (ft/sec)

Average linear velocity of the liquid
phase (ft/sec)

Superficial liquid velocity (ft/sec)
Superficial gas velocity (£t/sec)
Superficial velocity of the mixture
(ft/sec)

Volume (ft)

Specific volume (ft’-’/lbm)

Gas mass flow rate (lbm/sec)
Liquid mass flow rate (lbm/seC)
Total mass flow rate (1bm/sec)

Mixture quality (dimensionle ss)

Greek

a Void fraction (dimensionless)

A Difference

P Density (1bp,/ft?)

Pg Gas density (1bmft3)

Py Liquid density (lbm/ft3)

7y Dynamic viscosity of the liquid
(lbm/ft—sec)

m Product

o Surface tension (1bf/ft or dynes/cm), or
standard deviation (dimensionless)

¢ Relative humidity (per cent)

Subscripts

ac Acceleration

FR Freon

g Gas phase
Hydrostatic head

i Indicates a location, i = 1672 o s

L Liquid phase

m Two-phase mixture

N2 Nitrogen

0 Superficial

s Partial

sat Saturation

t Total

tpf Two-phase friction
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